Background: The Soufriere Hills, a stratovolcano on Montserrat, started erupting in July 1995, producing volcanic ash, both from dome collapse pyroclastic flows and phreatic explosions. The eruptions/ash resuspension result in high concentrations of suspended particulate matter in the atmosphere, which includes cristobalite, a mineral implicated in respiratory disorders. Aims: To conduct toxicological studies on characterised samples of ash, together with major components of the dust mixture (anorthite, cristobalite), and a bioreactive mineral control (DQ12 quartz). Methods: Rats were challenged with a single mass (1 mg) dose of particles via intratracheal instillation and groups sacrificed at one, three, and nine weeks. Acute bioreactivity of the particles was assessed by increases in lung permeability and inflammation, changes in epithelial cell markers, and increase in the size of bronchothoracic lymph nodes. Results: Data indicated that respirable ash derived from pyroclastic flows (20.1% cristobalite) or phreatic explosion (8.6% cristobalite) had minimal bioreactivity in the lung. Anorthite showed low bioreactivity, in contrast to pure cristobalite, which showed progressive increases in lung damage. Conclusion: Results suggests that either the percentage mass of cristobalite particles present in Montserrat ash was not sufficient as a catalyst in the lung environment, or its surface reactivity was masked by the non-reactive volcanic glass components during the process of ash formation.
S
oufriere Hills is a moderate sized calcalkaline volcano situated on the southeastern part of the Lesser Antilles island of Montserrat. Prior to the present eruption, the last known eruption occurred AD 1646 ± 54 years, although there have been a number of non-eruptive volcano related seismic events, including 1897-98, 1933-36, and 1966-67. 1 2 The latest eruption began on 18 July 1995, and continues to be active to the present (2002) . The first two months of activity involved the formation of vents producing steam, non-juvenile ash, and blocks, and the generation of some mudflows. Around 15 November the first definite lava was recorded at the surface from the 18 July crater. A new dome started developing in late February 1996, and a collapse from this dome resulted in the first pyroclastic flow. In the ensuing six months there were many pyroclastic flows down the eastern slope of the volcano. August and September 1996 saw intense volcanic activity, culminating in an explosion on 17-18 September, which covered the nearby town of Plymouth in a 600 000 ton layer. The magma is a typical Lesser Antilles andesite with a large crystalline component (69-80%), and with 58-60% SiO 2 . The crystalline silica in the ash is mostly cristobalite, with the ash generated from dome collapse pyroclastic flows ranging from 10-24% cristobalite, whereas the explosive eruption ashfalls have a lower range of 3-6% cristobalite. 3 Concern has been expressed that local residents or those on neighbouring islands who are exposed to high levels of ash containing cristobalite may develop respiratory disorders. 3 4 Those at risk include workers involved in clean up operations or residents who wish to reoccupy currently off-limits areas after the cessation of the eruption.
The objective of the study was to compare the bioreactivity of well characterised respirable samples of ash from the volcano together with the major dust components of the mixture and appropriate bioactive control samples. Rats were challenged with a single mass (1 mg) dose of particles via intratracheal instillation; groups were sacrificed at three time points (up to nine weeks). The dose of 1 mg of dust delivered to rats by intratracheal instillation was chosen because investigations with other dusts have indicated that this dose can induce inflammatory changes in the lung and translocate the pulmonary epithelium. 5 6 In order to achieve this deposition by inhalation, clouds of cristobalite dust at a concentration of 39 mg/m 3 for eight days are required. 7 Although direct comparisons between humans and rats is impossible, eruption concentrations of volcanic ash on Montserrat of 0.6 mg/m 3 have been reported. 8 Acute bioreactivity of the particles was determined by the occurrence of pulmonary inflammation (increases in lavage cells), increases in lung permeability (elevation in lung/body weight and bronchoalveolar lavage acellular protein), changes in epithelial cell markers (pulmonary surfactant, γ glutamyl transpeptidase, rT1 40 ) and increase in size of bronchothoracic lymph nodes. By including time in the experiments (one, three, and nine weeks post-instillation), it was possible to determine whether damage was immediate, transient with recovery, or progressive, leading to the risk of more severe lung disease.
METHODS AND MATERIALS

Particulate samples
Two volcanic ash samples were collected from Montserrat by Prof. R Maynard, CBE (DOH, UK), and one from the nearby island of Antigua by Mr R Williamson. Montserrat 1 was collected on 21 September 1997, and was ash generated by a pyroclastic flow. Montserrat 2 was collected on 24 September 1997 and was ash from a phreatic explosion. Volcanic dust was collected on Antigua on 12 October 1997; the ash was generated from a strong explosion on Montserrat the previous day, after which the cloud rose to a height of 22 000 feet, entered the airsteam, and was carried to Antigua, 34 miles to the east in less than two hours. Samples containing particles in the respirable size range (99% <3 µm diameter) were prepared from the bulk collections by centrifugal sedimentation; each was examined for size distribution by transmission electron microscopy (TEM) and image analysis (IA), 9 and crystalline mineralogy was determined using x ray diffraction (XRD).
A selection of mineral control samples were chosen, based on the mineralogy and geochemistry of the Montserrat ash (see results). The selection included two cristobalites and two feldspars. A sample of pure cristobalite was taken from a 20 year old sample, which was probably manufactured by the heating and quenching of an opaline material, SiO 2 nH 2 O. The cristobalite mineralogy was confirmed by XRD on both a parent sample and one subjected to acid (1M HCl) washing, which probably removes the 30 nm "amorphous" surface layer of silanol groups that are associated in the reduction of biological activity of aged samples. 10 The acid washed sample was subsequently washed with four changes of HPLC grade water. The second cristobalite sample, cristobalite/obsidian, was a natural sample of cristobalite from a volcanic lava flow from the United States. The rock was obtained from a commercial dealer (Northern Geological Supplies, Richard Taylor Minerals, UK), and consisted of intercalated dull grey cristobalite (∼ 40%) and shiny black obsidian (volcanic glass, ∼ 60%). The cristobalite was confirmed by XRD; volcanic glass does not give an XRD signal. As it was impossible to separate the two components, the mineral control included both components.
A further control mineral was a sample of the natural mineral anorthite (CaAl 2 Cristobalite/obsidian, anorthite, and labradorite were analysed by x ray fluorescence (XRF) using standard routines as described elsewhere. 11 These control samples were crushed to a coarse grit and then powdered in a tungsten steel mill to produce respirable particles (99% <3 µm diameter), the size distribution of which was determined by TEM/IA. The crystalline silica, alpha quartz, DQ12 (Dorentrop mine, Germany) served as a positive bioreactive control dust and 0.15M NaCl, used as a delivery vehicle, served as a sham control.
Particle instillation
Male, specific pathogen free, CD1 Sprague-Dawley rats (Charles River UK Ltd; initially 176-200 g body weight) were used throughout the project. They were acclimated for one week in their own holding unit and in isolation from other animal stocks. They were housed in wire bottomed cages in controlled temperature and lighting environment, and fed rat chow pellet food and water ad libitum.
Dusts were prepared at 2.5 mg/ml in 0.15M NaCl (20°C) and maintained in an ultrasonicating bath prior to being administered as an intratracheal instillate using a non-surgical technique. 5 Animals were anaesthetised in an atmosphere of halothane prior to the instillation of 400 µl (1 mg) of the above. For each dust, animals (n = 5) were sacrificed at one, three, and nine weeks after instillation. No animal showed signs of distress or failed to gain weight at any time during the course of the experiment. At the end of each time point, animals were anaesthetised with halothane prior to being given a lethal dose of Sagatal (pentobarbitone, 60 mg/ml). Animals were weighed, exsanguinated, and the lungs perfused via the pulmonary artery, prior to being removed en bloc and weighed. Lymph nodes were removed and photographed. Lungs were lavaged with 50 ml (5 × 10 ml) of 0.15M NaCl.
Recovered lavage fluids were centrifuged at 300 g for 10 minutes to remove free cells. The cell pellet was resuspended and total cell numbers were determined by haemocytometer counts. Supernatant samples were stored at −70°C until analysis. The remainder of the 300 g supernatants was pooled for each group for isolation of pulmonary surfactant. 5 
Biochemical analysis
Total acellular lavage protein (300 g supernatant) was assayed by the method of Lowry and colleagues, 12 using bovine serum albumin (Sigma, UK) as a standard. γ Glutamyl transferase (GGT), a cell surface marker for type 2 and Clara cells, 13 was assayed in the 300 g supernatant by Sigma kit method 545A. The type I cell marker, rT1 40 was assayed in the 300 g supernatant by dot blot.
14 Briefly, lavage samples were diluted to 10 µg/ml total protein. Each sample was run in duplicate with 100 µl per well being blotted onto Hybond-C (Amersham, UK) membrane, using a Bio-Rad dot blotter. Whole untreated adult lung homogenate diluted to a range of 0-1 µg/ml total protein was used as standard. The membrane was developed using standard Western blot protocols, with sheep antirabbit HRP conjugate (Amersham, UK) as secondary antibody and visualised using ECL (Amersham, UK). The intensity of developed dots was measured by absorbance (540 nm) and compared to controls. For data analysis, 1 µg of rT1 40 was equivalent to the rT1 40 concentration of 1ung (wet weight) of adult rat lung homogenate.
Statistical analysis
All data were analysed using MINITAB (Minitab Inc., Pennsylvania) and the Intercooled STATA statistical package. 15 All lavage data are expressed as total/rat. Differences between means used a two sample t test. A Bonferroni multiple comparison of data, at each time point, from sham and dust treated animals was analysed using one way ANOVA (STATA command: oneway), while a modified one way ANOVA by rank (Kruskal-Wallis) test (STATA command: kwallis2) allowed the control group to be specified. Statistical significance was accepted at p < 0.05. Analysis showed that for all parameters studied there were no significant differences between values obtained with acid washed cristobalite and the untreated parent cristobalite, thus data for these two groups were pooled (n = 10); n = 5 for all other groups.
RESULTS
Physicochemical analysis of particulate samples
A combination of XRD, bulk analysis, and TEM/electron probe x ray microanalysis (data not shown) confirmed that Montserrat 1 (pyroclastic flow), Montserrat 2 (phreatic explosion), and Antigua dust contained 20.1%, 8.6%, and 4.7% cristobalite respectively. XRF confirmed that the silica content decreased Montserrat 1 > Montserrat 2 > Antigua, and provided elemental analysis of the control samples of volcanic glass (cristobalite/obsidian) and the feldspars (anorthite, labradorite) (table 1). The analytical data are very similar to that reported recently by Baxter and colleagues, 3 and formerly by Rea.
1 Table 2 shows size distributions of the prepared respirable samples of volcanic ashes and control materials. These indicate that ultrafine particles (<100 nm) are not detected despite sufficient resolution with the technique, and that coarse particles (>5 µm) are extremely rare (<1%). Thus, all the samples contain fine particles, of which the majority (>93% by number) range between 150 nm and 2 µm. Nevertheless, some differences in size distribution are noted. In particular, the prepared cristobalite had large numbers of particles in the size range 0.75-2 µm and thus less particles 0.5 µm or below (37%) than all of the other materials investigated (60-77% are 0.5 µm or below).
Biochemical and cellular analysis A significant increase in lung:body weight ( fig 1A) provides one measure of oedema, and hence, increases in epithelial permeability. A more sensitive measurement of permeability is detected with an increase in lavage acellular (lung surface) protein ( fig 1B) . Instillation of the volcanic ashes or feldspars causes no significant changes in lung:body weight compared with sham treated rats at any timepoint ( fig 1A) . Similarly, treatment with the same dusts produces few significant increases in lung surface protein (with the exception of the feldspars at three weeks) ( fig 1B) . In direct contrast, cristobalite treatment produces significant elevations in lung/body weight ratio (χ 2 = 73.3; p < 0.0001) as well as surface protein, effects which are also noted with DQ12 quartz (except at one week). The cristobalite/obsidian mixture significantly lowers lung:body weight ratio at one week and mimics the elevation The free cells derived from lung lavage were counted and expressed as total cells (millions) recovered (fig 2) . Seven days after instillation, animals treated with Antigua and cristobalite had significantly increased free cell numbers (11.5 (95% CI: 10.3 to 12.7) and 19.4 (14.6 to 24.3) × 10 6 total free cells respectively) compared to control animals (4.3 (1.6 to 6.9); F = 11.92; p < 0.0001). Differential staining of cytospins of the cells indicated that the majority were macrophages. By week 3 only cristobalite and DQ12 treated animals (29.7 (25.1 to 34.2) and 31.6 (7.7 to 55.5) × 10 6 total free cells respectively) had higher means than sham controls (8.2 (5.0 to 11.4) × 10 6 free cells; F = 11.02, p < 0.0001). Free cell numbers remained significantly increased in cristobalite treated animals at nine weeks (F = 7.92, p < 0.0001). In these dust treated animals only, polymorphonuclear leucocytes (PMN), distinguished by differential staining of cytospins, accounted for 40-60% of the free cell count. In all other dust treated animals PMN account for <2% of the total population. A visual representation of the cells/debris present in the lavage 300 g pellets (pooled samples from five animals per group) at nine weeks post-instillation shows the similarity of surface reaction to volcanic ashes and feldspars, in contrast to the enhanced response seen with the bioreactive quartz and cristobalite (fig 3) .
Early lung damage, induced by bioreactive substances, often occurs to the type 1 epithelial cell which covers most of the alveolar surface. 16 A surface marker protein, rT1 40 , has been reported for this cell type, 17 and other workers have shown that this is increased at the lung surface during pulmonary damage.
14 Highly variable levels of rT1 40 are found in the acellular fraction of lung lavage samples (fig 4) . As a result, significant differences between the mean values of dust and sham treated animals are rare. A notable exception was seen with cristobalite/obsidian (increase at week 3; F = 4.26, p < 0.05). Interestingly, high levels of rT1 40 (not significant) are found at three and nine weeks with DQ12 quartz in direct contrast to results observed with the other crystalline silicon dioxide, cristobalite.
Change in lung epithelium following dust exposure was assessed with two further markers in the lavage sample, pulmonary surfactant (table 3) and GGT ( fig 5) . Pulmonary surfactant is a secretory product of alveolar type 2 cells and is significantly accumulated following exposure to bioreactive dusts such as quartz, 18 resulting from hypertrophic or hyperplastic changes in the lining cells. 19 GGT is a cell surface enzyme, present in alveolar epithelial type 2 and bronchiolar Clara cells, 13 involved in the recycling of reduced glutathione. GGT activity in lavage samples has been shown to increase following damage produced by nitrogen dioxide. 20 Changes in pulmonary surfactant following exposure to the volcanic and control dusts are variable and cannot be subjected to statistical analysis as they are derived from pooled samples (table 3) . Nevertheless, animals treated with cristobalite (all time points), DQ12 quartz (week 9), and Antigua dust (week 9) appear to have increased levels in comparison with sham treated controls. The volcanic dusts or the feldspars do not cause any significant change in GGT activity detected in the lavage samples ( fig 5) . By direct contrast, animals treated with both cristobalite and DQ12 quartz showed significant increases in GGT activity at the lung surface at all time points measured. Interestingly, rats instilled with the cristobalite/ obsidian mixture also showed increased activities of surface GGT at one and three weeks, but this effect was not sustained to the nine week time point (fig 5) . Figure 6 shows a comparison of the size of thoracic lymph nodes removed from animals treated with the different samples for nine weeks. Only animals instilled with cristobalite or DQ12 quartz show a large increase in size compared with sham treated animals. These same effects are seen at one and three weeks post-instillation (data not shown). 
DISCUSSION
An assessment of the bioreactivity of respirable samples of volcanic dusts from the islands of Montserrat and Antigua was undertaken as concern has been expressed that the crystalline nature of these materials, particularly with respect to silica (cristobalite) content, may provide a catalyst for respiratory disorders in exposed individuals. 3 4 Cristobalite is rare in nature, but may be common in high silica volcanic environments, 9 and like crystalline quartz, exhibits a high bioreactivity. 21 The data indicate that Montserrat respirable ash derived from pyroclastic flow (20.1% cristobalite) or phreatic explosion (8.6% cristobalite) has minimal bioreactivity in the lung. Thus, there is little or no quantitative evidence of increases in lung permeability (lung:body weight, acellular surface protein), inflammatory changes (free cell accumulation), or damage to epithelial cells (lavage increases in type 1 or 2 cell markers, pulmonary surfactant). The major component of Montserrat ash, anorthite, shows similar, low acute bioreactivity.
A number of other instillation studies with volcanic ash have been reported. 22 In all these studies with rats, very high doses (10-500 mg) were instilled, detailed characterisation of the particles were not carried out, and "inert" dust controls were often omitted. Therefore, comparison with the present studies is difficult. Instillation of low levels of volcanic ash (0.3 mg/rat) were reported to be without effect on lung wet weight or hydroxyproline levels after six months of exposure. 23 In direct contrast, animals treated with a pure cristobalite (untreated or acid washed) show progressive increases in permeability and inflammation, evidence of type 2 cell hyperplasia and damage (increases in GGT), and the initiation of a mild lipoproteinosis (accumulation of surface surfactant). In addition, these extensive changes at the lung surface are mimicked by large increases in the size of thoracic lymph nodes, probably resulting from translocation of the cristobalite and/or inflammatory products during lymphatic drainage. Previous inhalation studies with rats 7 exposed to high levels of cristobalite (39 mg/m 3 for eight days), resulting in a lung deposition of 1 mg of mineral, have shown similar biological responses as noted in the present instillation studies. The DQ12 quartz produces similar effects to the pure cristobalite. The natural cristobalite (cristobalite/obsidian, 40% cristobalite) did show some reaction with the epithelium by inducing significant elevations in lavage rT1 40 , suggesting type 1 cell damage. However, the effects of the mineral appear transient in that elevations of lavage GGT, suggesting increases in type 2 cell numbers/ damage, at one and three weeks is not found at nine weeks post-instillation.
The high bioreactivity of cristobalite cannot simply be explained by the nature of its physical properties. Indeed, the mean equivalent spherical diameter of the pure cristobalite is somewhat higher than that noted in all the other samples. Thus, the pure cristobalite would have less particles/g mass to react with the lung, as the larger particles contribute the greatest proportion to mass. Bioreactivity of the cristobalite (and quartz) is therefore best explained by its reactive surface properties. 21 The reasons why the cristobalite content, particularly of Montserrat 1 produces little or no effect, can only be surmised. Possibly these acute studies are not sufficiently long term for detrimental effects to be detected, especially if the cristobalite content is less than 40%. Alternatively, in the melt temperatures (850°C) of ash formation, the cristobalite reactive surface may be masked by layers of non-reactive volcanic glass. Similar suggestions have been made for coal dusts containing quartz. In conclusion, two volcanic ash samples from Montserrat and a dispersed sample to the neighbouring island of Antigua have very little biological activity following short term deposition in rat lung, despite containing between 5% and 20% cristobalite. Similar, low bioreactivity is observed with anorthite, the major component of the volcanic ash. Diesel exhaust particles-a carbon core plus any number of adsorbed high molecular weight substances-are the primary particles in polluted air. Particulate matter (PM), comprising coarse, <10 µm (PM 10 ); fine, <2.5 µm (PM 2.5 ); and ultrafine, < 0.1 µm (UF) particles, are inhaled and the smallest penetrate to the alveoli. Vehicle exhausts and other fuel emissions produce fine and ultrafine particles, and the more technically advanced engines can generate more ultrafine particles.
According to large epidemiological studies total infant mortality is associated with exposure to PM 10 . Short term effects on lung function are considered small in healthy children but greater with underlying respiratory disease, and these may be underestimated because of confounders and imprecise measures of individual exposure. Studies of children living by roads-affording a better indication of individual exposure-conflict owing to insufficient control of confounders and because GPs not paediatricians see most children with respiratory health problems. Experimental data show that cytokines and proinflammatory mediators are induced in lung cells by diesel exhaust particles in vitro, and in children the ultrafine component reaches alveolar macrophages.
A prospective birth cohort study with optimum measures of individual exposure and respiratory function would establish whether PM 10 causes disease as well as worsening it.
Once the size of the effects and the most toxic fraction are known, unravelling how these particles cause harm will be possible and, maybe, whether they initiate asthma. 
